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CD19-CD28: an affinity-optimized CD28 agonist
for combination with glofitamab (CD20-TCB) as
off-the-shelf immunotherapy
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• CD19-CD28 provides
effective CD28
costimulation to
glofitamab-activated T
cells without
superagonistic
properties.

• Triple combination with
CD19–4-1BBL further
prolongs antitumor
responses.
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Effective T-cell responses not only require the engagement of T-cell receptors (TCRs;
“signal 1”), but also the availability of costimulatory signals (“signal 2”). T-cell bispecific
antibodies (TCBs) deliver a robust signal 1 by engaging the TCR signaling component CD3ε,
while simultaneously binding to tumor antigens. The CD20-TCB glofitamab redirects T cells
to CD20-expressing malignant B cells. Although glofitamab exhibits strong single-agent
efficacy, adding costimulatory signaling may enhance the depth and durability of T-cell–
mediated tumor cell killing. We developed a bispecific CD19-targeted CD28 agonist (CD19-
CD28), RG6333, to enhance the efficacy of glofitamab and similar TCBs by delivering signal
2 to tumor-infiltrating T cells. CD19-CD28 distinguishes itself from the superagonistic
antibody TGN1412, because its activity requires the simultaneous presence of a TCR signal
and CD19 target binding. This is achieved through its engineered format incorporating a
mutated Fc region with abolished FcγR and C1q binding, CD28 monovalency, and a mod-
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erate CD28 binding affinity. In combination with glofitamab, CD19-CD28 strongly increased T-cell effector functions in
ex vivo assays using peripheral blood mononuclear cells and spleen samples derived from patients with lymphoma and
enhanced glofitamab-mediated regression of aggressive lymphomas in humanized mice. Notably, the triple combination
of glofitamab with CD19-CD28 with the costimulatory 4-1BB agonist, CD19–4-1BBL, offered substantially improved
long-term tumor control over glofitamab monotherapy and respective duplet combinations. Our findings highlight
CD19-CD28 as a safe and highly efficacious off-the-shelf combination partner for glofitamab, similar TCBs, and other
costimulatory agonists. CD19-CD28 is currently in a phase 1 clinical trial in combination with glofitamab. This trial was
registered at www.clinicaltrials.gov as #NCT05219513.
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Introduction
T cells are crucial for antitumor immune responses due to their
ability to recognize and eliminate cancer cells.1,2 The T-cell
receptor (TCR)–CD3 complex is key in this process, binding to
specific antigens on target cells and transmitting activation
signals through its associated CD3γ, δ, ε, and ζ domains. This
antigen-dependent signal, termed “signal 1,” establishes the
foundation of T-cell activation and expansion. However, full
T-cell functionality requires a second signal, “signal 2,” pro-
vided by costimulatory receptors such as CD28, which is
abundantly expressed on naïve and antigen-experienced
LUME 143, NUMBER 21
T cells, including tumor-infiltrating lymphocytes.3-6 Ligation of
CD28 is strictly required for T-cell priming, clonal expansion,
cytokine production, target cell lysis, and the establishment of
durable T-cell memory.3 In natural T-cell responses, TCR stim-
ulation without costimulation eventually leads to T-cell
unresponsiveness.3

Synthetic redirection of T cells to destroy tumor cells has been
used in cancer immunotherapy,2,7 with promising approaches
including tumor-targeted T-cell bispecific antibodies (TCBs) and
chimeric antigen receptor–modified T cells (CAR-Ts). TCBs bind
to tumor antigens and simultaneously activate T cells via CD3

http://www.clinicaltrials.gov
https://crossmark.crossref.org/dialog/?doi=10.1182/blood.2023023381&domain=pdf&date_stamp=2024-05-23


D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/143/21/2152/2226121/blood_bld-2023-023381-m

ain.p
engagement. CAR-Ts are patient-derived T cells genetically
engineered to express an extracellular tumor antigen–binding
domain coupled to an intracellular signaling domain that acti-
vates TCR and costimulatory signaling pathways.8 In cases of
B-cell non-Hodgkin lymphoma (B NHL), TCBs have shown
strong antitumor efficacy.9-12 Glofitamab, a CD20-targeted TCB
engaging T cells via CD3ε, was recently approved by both the
US Food and Drug Administration and the European Medicines
Agency for treating relapsed/refractory diffuse large B-cell
lymphoma (R/R DLBCL), after 39% of patients achieved a
complete response in an open-label, multicenter, single-arm
study.13 These observations with TCB antibodies show some
similarities to the outcomes seen with second-generation
CAR-Ts, which incorporate both signal 1 and signal 2 within
their CAR designs. However, the production of CAR-Ts involves
a complex 3-week manufacturing process, requiring specific
infrastructure, which limits availability and delays treatment
onset, thus presenting a significant challenge for patients bat-
tling a highly aggressive disease.

We hypothesized that a tumor-targeted CD28 agonistic anti-
body, designed to provide signal 2 as off-the-shelf combination
partner to TCBs, including glofitamab, could further enhance
glofitamab’s efficacy. However, efforts to harness CD28
signaling require caution, because the first-in-human trial with
the CD28 agonistic, antibody TGN1412 resulted in a life-
threatening cytokine release syndrome in 6 healthy volun-
teers.14 In this trial, TGN1412 caused systemic T-cell activation
in consequence of its signal-1–independent activity, a phe-
nomenon termed superagonism.

Here, we report the generation and evaluation of a CD19-
targeted CD28 agonist (CD19-CD28), that offers costimulation
exclusively in the presence of signal 1 and amplifies glofita-
mab’s efficacy. Furthermore, humanized mouse models
emerged as an adequate approach for exploratory CD28 safety
assessment and human dose prediction. These models guided
dosing and scheduling in an ongoing phase 1 clinical trial,
which assesses the safety, tolerability, pharmacokinetics (PK),
and efficacy of CD19-CD28 in combination with glofitamab in
patients with R/R NHL (NCT05219513).
df by guest on 06 N
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Methods
Detailed methods are available in the supplemental Data,
available on the Blood website.
m
ber 2024
Design and production of monovalent CD28

antibody derivatives and CD19-CD28 bispecific
antibodies
Key amino acids of the TGN1412 antibody (murine binder
5.11A) were replaced to prevent degradation and reduce
affinity. Several variable heavy and variable light variants were
designed. Mutations were introduced to the constant region of
the human immunoglobulin G1 (IgG1) heavy chains to prevent
binding to Fcγ receptors and C1q. Monovalent CD28 anti-
bodies and bispecific CD19-CD28 antibodies were generated
with specific mutations to prevent mispairing of heavy and light
chains and produced by transient transfection of Expi293F cells.
More details can be found in the supplemental Methods.
CD19-CD28 AS OFF-THE-SHELF COMBINATION PARTNER
In vitro binding of CD19-CD28 to human CD19 and
CD28
Binding of CD19-CD28 to human CD28 was evaluated using
Chinese hamster ovary (CHO-kl) cells genetically modified to
overexpress human CD28. To monitor nonspecific binding
interactions, a DP47 IgG, germ line antibody without specificity,
was included as negative control. Binding was measured by
flow cytometry. A detailed protocol can be found in the
supplemental Methods.

In vitro activity of CD19-CD28 in Jurkat IL-2
promoter reporter cells
Jurkat interleukin-2 (IL-2) promoter reporter cells were incu-
bated with NALM-6 target cells alongside increasing concen-
trations of CD19-CD28 and a suboptimal dose of glofitamab.
IL-2 promoter activation was assessed by measuring luciferase
activity in a Tecan Spark 10M, as described in the supplemental
Methods.

Ability of CD19-CD28 to activate human PBMCs
Peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats and stimulated with the indicated compounds in
round-bottom 96-well plates at 37◦C. After 48 hours, cytokine
release was measured using the Bio-Plex Pro Human Cytokine
17-plex or 8-plex kit (Bio-Rad). After 72 hours, T-cell activation
markers were assessed via flow cytometry, as described in the
supplemental Methods.

Ex vivo characterization of CD19-CD28 using
samples from patients with lymphoma
DLBCL PBMC samples were purchased from Discovery Life
Sciences. A spleen sample from a patient with B-cell lymphoma
(BCL) was purchased from iSpecimen. PBMCs were depleted of
B cells using CD20 microbeads (Miltenyi Biotec) and stimulated
with the indicated. Splenocytes were stimulated with glofita-
mab alone or in combination with CD19-CD28 and/or CD19–4-
1BBL. Supernatants were harvested and cytokine levels were
measured using a cytokine bead array (BD Biosciences),
according to the manufacturer’s instructions. Sample and assay
preparation are described in detail in the supplemental
Methods.

In vivo mouse models
Three- to 4-week-old female NOD.Cg-PrkdcscidIL2rgtm1Wjl/SzJ
(NSG) mice were humanized via human stem cell engraftment
as described in the supplemental Methods. In some cases,
humanized BRGS-CD47 mice were directly purchased from
Jackson laboratory.

For xenograft models in humanized mice, NALM-6, WSU-
DLCL2, or OCI-Ly18 cells were injected subcutaneously into the
right flank of mice, and the tumor volume was assessed by
caliper measurement. For in vivo efficacy assessment in
disseminated WSU-DLCL2-Fluc model, mice received cell
injection IV and tumor burden was measured via biolumines-
cence imaging as described in the supplemental Methods.

Mice were randomized and treatments were injected IV in his-
tidine buffer.
23 MAY 2024 | VOLUME 143, NUMBER 21 2153



D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/143/21/2152/2226121/blood_bld-2023-023381-m

ain.pdf by guest on 06 N
ovem

ber 2024
Single dose PK study in human FcRn Tg32 mice
PK properties of the CD19-CD28 agonist were assessed at
indicated time points in human FcRn Tg32 upon a single IV
injection. Serum samples were analyzed for quantification of
CD19-CD28 using a CD19–binding competent enzyme-linked
immunosorbent assay (ELISA) as described in more detail in the
supplemental Methods.

RNA sequencing and analysis of tumor tissues
Azenta Life Sciences performed RNA sequencing of tumor tis-
sue. RNA extraction, sequencing protocols, and differential
gene expression analysis were performed as described in the
supplemental Methods.

Confocal imaging and 3D image processing
Sections of 70 μm of fixed tumor samples were stained with the
indicated antibodies (see supplemental Methods). Images were
captured using a Leica SP8 inverted confocal microscope and a
40× lens, with a resolution of 512 × 512 pixels and a z-spacing
of 1.5 μm. Image quantification was performed in Imaris 9.6
(Bitplane). Neighborhood analysis for cluster identification is
described in the supplemental Methods.

In silico modeling and translation of nonhuman PK
for dose range projection
A MATLAB Simbiology 2020b in silico model was developed to
simulate receptor occupancy and trimeric complex formation
(ie, synapse formation between cancer target cells and immune
cells) across various CD19-CD28 concentrations using the
respective target binding affinities.

The generated efficacy data in humanized mice were compared
with the in silico–predicted bell shape. With that, 2 pharmaco-
dynamic (PD) thresholds were derived from the study and
scaled to human: the minimal pharmacologically active dose
(mPAD) and a maximal effective concentration (ECmax), which
correspond to the lowest effective dose and the dose leading to
maximum tumor growth inhibition, respectively.

Human equivalent doses were defined using allometric scaling
of PK parameters from hFcRn tg32 mice. The predicted human
PK was used to define the doses expected to lead to mPAD and
ECmax and to predict the expected human PK after various
doses. The clinical PK observed in patients was compared with
preclinical predictions to evaluate its accuracy.

Plasma cytokine assessment and PK measurement
in patients enrolled in the phase 1 clinical trial of
glofitamab in combination with CD19-CD28
(NCT05219513)
Patient plasma samples were analysis at protocol-specified time
points using validated multiplex immunoassays on a Pro-
teinSimple Ella platform. Concentrations of binding-competent
CD19-CD28 in human serum samples were determined using a
fully validated ELISA method as described in supplemental
Methods.

Experiments involving animal models, as presented in this
manuscript, were conducted following strict ethical guidelines
in the Association for Assessment and Accreditation of Labo-
ratory Animal Care International (AAALAC)-accredited animal
2154 23 MAY 2024 | VOLUME 143, NUMBER 21
facility of the Roche Innovation Center Zurich. The experimental
design and procedures were thoroughly reviewed and
approved by the internal Institutional Animal Care and Use
Committee. This approval process ensured that all efforts were
made to minimize animal suffering. The number of animals used
was kept to the minimum necessary to achieve valid results. All
animal housing, care, and experimental procedures were in
compliance with the guidelines set by GV-Solas, Felasa, and
TierschG. As part of a multicenter international clinical trial
(NCT05219513), patients have signed informed consent, and
ethics committees and health authorities of respective sites/
countries have approved the study.
Results
Design and functional evaluation of an affinity-
optimized CD19-targeted CD28 agonist
We aimed to create CD19-CD28 bispecific antibodies with
optimized properties (Figure 1A). Published evidence indicates
that high affinities for CD3 can restrict the tumor distribution of
TCB antibodies, due to their sequestration in T-cell–rich tis-
sues.15 CD28 is abundantly expressed on T cells in blood and
lymphoid organs, which could represent a considerable sink for
CD28-targeted antibodies. To address this concern, we
generated 31 CD28 antigen–binding domains starting from
TeGenero’s TGN1412 binding moiety by introducing point
mutations into the complementarity determining regions, aim-
ing to reduce CD28 affinity. Furthermore, we removed potential
sources of protein instability, including unpaired cysteines,
asparagine deamidation sites, and tryptophane residues from
the original sequence, because these might compromise
structural in vivo integrity. In vitro binding assays led to the
selection of 6 candidates for functional in vitro characterization
in a tumor-targeted format (supplemental Figure 1A-D).

From these experiments, we identified 3 candidates: a low-
affinity variant (CD28LOW; with a dissociation constant [Kd] of
36 nM), an intermediate affinity variant (CD28MED; Kd, 10 nM),
and the original high-affinity TGN1412 (CD28HIGH; Kd, 1 nM),
which was optimized for stability by removal of an unpaired
cysteine (Figure 1A). These were converted into bispecific
monovalent 1 + 1 heterodimeric CD19-CD28 bispecific anti-
bodies. Both, CD28LOW and CD28MED showed reduced CD28
(Figure 1B) but comparable CD19 binding (supplemental
Figure 1E). All variants activated Jurkat IL-2 promoter reporter
cells in a dose-dependent manner when combined with glofi-
tamab in the presence of CD19-expressing NALM-6 lymphoma
cells (Figure 1C).

Next, we examined the biodistribution of the 3 untargeted
CD28 variants in humanized NSG mice, which display functional
human T cells, to see whether reduced CD28 affinity would
lessen drug sequestration in T-cell–rich areas (Figure 1D).
Indeed, drug binding to T cells in both blood and spleen was
most pronounced with the CD28HIGH binder, followed by
CD28MED and CD28LOW (Figure 1E-F), indicating that lower
CD28 affinity reduces peripheral sequestration. Consequently,
we excluded CD28HIGH from further analyses.

We evaluated whether the remaining CD28 variants could
enhance glofitamab-mediated antitumor response in humanized
SAM et al
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NSG mice bearing subcutaneous NALM-6 lymphomas
(Figure 1G). Although both variants showed a combination
effect, the CD28LOW proved significantly more effective
(Figure 1H) and led to superior intratumoral CD8+ T-cell infil-
tration than CD19-CD28MED (Figure 1I).

In conclusion, CD19-CD28LOW, in combination with glofitamab,
showed comparable in vitro potency with higher affinity vari-
ants, superior in vivo efficacy, and minimal peripheral T-cell
binding. Thus, CD19-CD28LOW, now referred to as CD19-
CD28, was selected for further evaluation.

CD19-CD28 is not superagonistic and relies on
signal 1
Previous studies linked TGN1412’s superagonistic activity to
CD28 binding bivalency and FcγRIIb crosslinking, presumably
allowing TGN1412 to create linear CD28 arrays, resulting in
aggregated signaling components sufficient to surpass the
threshold for T-cell activation.16-18 Therefore, we compared the
monotherapeutic activity of CD19-CD28 and TGN1412 to
induce cytokine secretion and immune cell activation (Figure 2).
In vitro, only TGN1412 triggered a dose-dependent cytokine
release in healthy donor–derived PBMCs (Figure 2A). In
humanized NSG mice, TGN1412 elicited a robust cytokine
response, peaking at 4 hours (Figure 2B-C), but no cytokine
release was detected with CD19-CD28. Because humanized
NSG mice maintain substantial levels of murine Fc receptors in
nonhematopoietic cells, we also included a superagonistic anti-
human CD28 mouse IgG1 antibody capable of interacting with
murine Fc receptors. Nonetheless, we observed no discernable
difference in cytokine responses compared with the native
TGN1412 IgG4 (Figure 2C). By day 6, animals receiving
TGN1412 (huIgG4 or muIgG1) displayed marked activation of T
cells, including regulatory T cells, in both spleens and thymuses
(supplemental Figure 2). In contrast, no cytokine release was
detected in humanized NSG mice when treated with CD19-
CD28 (Figure 2C). CD19-CD28 only induced a dose-
dependent upregulation of T-cell activation markers and
proinflammatory cytokines in human PBMCs when combined
with glofitamab (Figure 2D; supplemental Figure 3). From these
results, we inferred that CD19-CD28 is not superagonistic.
Instead, it offers genuine costimulation dependent on binding
to CD19 and on the presence of signal 1. Furthermore, we
addressed the impact of CD19 expression on our bispecific
antibody’s activity. Our in vitro studies (supplemental Figure 10)
show that T-cell activation by our CD19-CD28 bispecific agonist
correlates with CD19 expression levels, yet effective T-cell
activation is achieved even at reduced CD19 levels. The con-
centration threshold at which CD19-CD28 begins to activate T
cells remains consistent. This underscores the robustness of the
Figure 1 (continued) technology. (B) Binding of CD19-CD28 affinity variants to human C
binding interactions, a DP47 huIgG1 was included as negative control. Binding was as
Luciferase activity in an IL-2 reporter assay with Jurkat IL-2 promoter cells after 6 hours of
nM glofitamab. NALM-6 cells served as target cells (E:T ratio 5:1). Dots show individual
study. Non–tumor bearing humanized NSG mice (3 mice per group) were treated with v
CD28 affinity variants. (E-F) Blood and splenic T cells were analyzed for drug binding
mals per group and time point. Dots show values of individual mice. (G) Experimental
subcutaneously (s.c.) injected with 1 × 106 NALM-6 lymphoma cells in 1 flank. After 18 da
mg/kg CD19-CD28 variants according to the depicted timeline. (H) Tumor volumes show
unpaired, 2-tailed Student t test. **P < .01. (I) Immunohistochemical analysis of CD8+ T-ce
row, ×20 original magnification. Images were captured with a VS120 virtual slide micros
tification. E:T, effector to target; glofit., glofitamab.
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agonist’s potency, affirming that the initial concentration
required for activity is stable across different levels of target
expression.

CD19-CD28 boosts the efficacy of glofitamab in a
dose-dependent manner in vivo and enhances its
activity on patient-derived T cells
We next explored the potency of CD19-CD28 in more chal-
lenging scenarios, including assays with patient-derived T cells
and aggressive in vivo lymphoma mouse models. In a dissem-
inated DLBCL WSU-DLCL2-Fluc tumor model in humanized
mice (Figure 3A), the combination of glofitamab and CD19-
CD28 achieved complete tumor regression (Figure 3B), with
significantly superior efficacy compared with glofitamab
monotherapy at 17 and 20 days after tumor cell injection
(Figure 3C). By study day 10, animals receiving either vehicle or
only CD19-CD28 began to exhibit weight loss attributed to
tumor progression (Figure 3D). Mice treated with glofitamab,
either alone or in combination with CD19-CD28, initially lost
weight, which is associated with the mode of action of TCB and
their induced cytokine release.10 Mice in these groups subse-
quently recovered, with no additional weight loss indicative of
tumor progression, suggesting robust antitumor activity and
supporting the bioluminescence data (Figure 3D). Distinguish-
ing early weight loss attributable to cytokine release from later
weight decline associated with tumor advancement is critical. In
the same in vivo model, using different doses of CD19-CD28,
we observed a bell-shaped dose response for CD19-CD28 and
an optimal efficacious dose range of 0.1 to 1 mg/kg in mice.
The bioluminescence data, generated 3 days after the first
CD19-CD28 injection, from this dose escalation experiment
have been successfully overlaid with an in silico model for
trimeric complex formation. The good agreement of model and
observed data further support the proposed optimal dose
range window (Figure 3E). The preclinical PK was translated to
patients based on allometric scaling from human FcRn Tg32
mice. The projected PK was overlaid with clinically observed PK
data and shows a good agreement between the projected and
observed clinical PK overall. This overlay also provides guid-
ance in terms of how well the PK is matching the predicted
efficacy thresholds derived based on the preclinical prediction
for trimeric complex formation (maximum bell shape) and
observed PD readouts (mPAD and ECmax) from the humanized
mouse study (Figure 3F).

Furthermore, we evaluated the responsiveness of patient-
derived T cells to CD19-CD28 ex vivo and found that CD19-
CD28 in combination with glofitamab, but not in its absence,
enhanced granzyme B and interferon-γ (IFNγ) secretion in
PBMC-derived T cells of 2 patients with DLBCL (Figure 3G).
D28 on CHO cells, genetically modified to overexpress CD28. To monitor unspecific
sessed via flow cytometry. Dots show individual values of technical duplicates. (C)
stimulation with increasing concentrations (0.5 pM to 200 nM) of CD19-CD28 and 10
values of technical duplicates. (D) Experimental design of an in vivo biodistribution
ehicle (histidine buffer) or 5 mg/kg of untargeted, Alexa-Fluor-647-(AF647)-labeled
via flow cytometry. Bars show mean + standard error of the mean (SEM) of 3 ani-
design of in vivo efficacy study. Humanized NSG mice (9-10 mice per group) were
ys, mice were treated IV with vehicle (histidine buffer), 0.15 mg/kg glofitamab, and 1
n as mean + SEM of 9 to 10 mice per group. Significance was calculated using an
ll infiltration in tumors on study day 56. Upper row, ×2 original magnification. Lower
cope (Olympus) and analyzed with Tissue Studio software (Definiens) for cell quan-
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Figure 2. CD19-CD28 is not superagonistic and relies
on signal 1. (A) Activity of human PBMCs in response to
TGN1412 and CD19-CD28. PBMCs isolated from buffy
coats of 3 donors were stimulated with TGN1412 or
CD19-CD28 (dose titration, 0-500 nM) and cytokine
release was analyzed after 48 hours via multiplex anal-
ysis. Bars show mean + SEM of technical triplicates from
3 donors. (B) Experimental design of in vivo cytokine
release evaluation. Non–tumor bearing humanized NSG
mice (3 mice per group) were treated IV with vehicle
(histidine buffer), CD19-CD28 (10 or 1 mg/kg), TGN1412
huIgG4 (10 mg/kg), or TGN1412 msIgG1 (10 mg/kg). (C)
Multiplex analysis of serum cytokines at indicated time
points after treatment. The absolute cytokine values are
shown in supplemental Table 1. (D) Human PBMCs from
4 healthy donors were stimulated with glofitamab (0, 1,
10, or 100 pM) and increasing concentrations of CD19-
CD28 (0-200 nM). Upper row, the percentage of CD25
expression on CD8+ T cells was analyzed by flow
cytometry after 72 hours. Bars show mean + SEM of
technical triplicates for each donor. Dots show individ-
ual values. Lower row, multiplex analysis of IL-6 in cul-
ture supernatants after 48 hours. Bars show mean + SEM
of technical triplicates. Dots show individual values. The
shades of gray correspond to different donors, with
each donor consistently represented by the same shade
across all treatment conditions.
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Collectively, these findings highlight the potential of CD19-
CD28 to enhance the therapeutic efficacy of T-cell engagers
including glofitamab.
 N
ovem

ber 2024
CD19-CD28 increases proinflammatory T-cell
signatures in tumors and facilitates
transendothelial migration
Glofitamab monotherapy and its combination with CD19-CD28
promote tumor T-cell infiltration (supplemental Figures 4C and
5B). However, combination treatment increased intratumoral
Figure 3 (continued) evaluated by bioluminescence signal (total flux, photons/second) ca
individual mice. Bars show the median signal + IQR for each treatment group. Statistica
Fisher least significant test. ***P < .0001. (D) Body weight kinetics. Dots represent means -
modeling for trimeric complex formation. (F) Overlay of predicted human PK from on hFcR
with PK measurements in participants of the ongoing CD19-CD28 phase 1 trial (NCT052
internal B cells and were stimulated with the indicated treatments (glofitamab, untargete
NALM-6 target cells (E:T ratio: 3:1). Graphs show IFNγ and granzyme B release after 72 h
values from technical triplicates (patient 1) and duplicates (patient 2). BLI, bioluminescen

CD19-CD28 AS OFF-THE-SHELF COMBINATION PARTNER
CD8+ and CD4+ T-cell counts compared with glofitamab alone
by day 8 after therapy onset (study day 25) in WSU-DLCL2–
bearing humanized NSG mice (supplemental Figure 4).
Intriguingly, the combination treatment shifted the intratumoral
CD8+/regulatory T-cell ratio in favor of CD8+ T cells, suggesting
the induction of a highly inflammatory tumor milieu
(supplemental Figure 4D). In subcutaneous OCI-Ly18 tumors,
we confirmed that both glofitamab and the combination with
CD19-CD28 increased tumor infiltration of CD28-expressing T
cells (supplemental Figure 5A-D). In this model, the addition of
CD19-CD28 to glofitamab led to a marked increase in IFNγ
lculated as the mean radiance integrated over the region of interest. Dots represent
l analysis was performed using an ordinary 1-way analysis of variance (ANOVA) with
SEM of 8 mice per group. (E) Overlay of in vivo dose finding experiment with in silico
n tg32 mice and preclinical efficacy thresholds based on in vivo studies in NSG mice
19513). (G) PBMCs from 2 patients with DLBCL (patient 1 and 2) were depleted for
d TCB, and CD19-CD28 were used at a concentration of 1 nM) in the presence of
ours, assessed via cytokine bead array. Bars show means and dots show individual
ce imaging; IQR, interquartile range; max, maximum.
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pathway genes, followed by significantly increased cytotoxic
T-cell and decreased B-cell signatures, compared with glofita-
mab monotherapy (Figure 4B; supplemental Figure 5E).
Furthermore, although glofitamab increased the overall ICAM1
expression in tumors, the addition of CD19-CD28 skewed
ICAM1 expression toward endothelial cells, suggesting that
CD19-CD28 might promote transendothelial T-cell migration
(Figure 4C-D). A neighborhood analysis in 20 μm radius regions
of the tumor tissue indicated a trend in spatial association
between endothelial and CD8+ T cells, which is observed more
often in the combination treatment (supplemental Figure 5F-H).

These findings suggests that CD19-CD28 enhances the anti-
tumor efficacy of glofitamab by amplifying tumor T-cell infil-
tration and proinflammatory cytokine profiles at early stages
and promoting cytotoxic T-cell signatures at subsequent stages
of antitumor T-cell responses.

Triple combination of glofitamab with CD19-CD28
and CD19–4-1BBL deepens and prolongs
antitumor responses in vivo
Research in third generation CAR-T therapies suggests that
combining CD28 and 4-1BB signaling achieves more robust
and durable antitumor responses than each costimulatory sig-
nals on its own.19 To explore whether the same principle can be
transferred to bispecific antibody approaches, we evaluated the
ability of glofitamab in double and triple combinations with
CD19-CD28 and the previously described costimulatory mole-
cule CD19–4-1BBL20 to activate patient-derived T cells and
prolong antitumor responses in established tumors in human-
ized mice (Figure 5). The combination of glofitamab and
CD19-CD28 induced the expression of 4-1BB in human PBMC-
derived T cells (Figure 5A), indicating that CD19-CD28 may
amplify T-cell responsiveness to CD19–4-1BBL stimulation. In
line with this, the triple combination revealed highest levels of
granzyme B, IFNγ, IL-8, and IL-2 in splenic T cells from a patient
with DLBCL (Figure 5B). In vivo, combining glofitamab with
either CD19-CD28 or CD19–4-1BBL showed a prolongation of
the antitumor activity over glofitamab monotherapy in OCI-
Ly18 tumors. Yet, these dual combinations eventually only
resulted in a delay of tumor growth for most animals
(Figure 5D). However, as seen in 2 independent in vivo exper-
iments, the triple combination of glofitamab with CD19-CD28
and CD19–4-1BBL consistently led to long-term tumor control
(Figure 5E; supplemental Figure 6). This was especially evident
in animals treated first with glofitamab and CD19-CD28, fol-
lowed by glofitamab and CD19–4-1BBL. This outcome under-
scores the significance of determining the most effective
sequence at which costimulatory signals are introduced.

In summary, our data highlight the potential of bispecific anti-
body therapies to evoke more robust and durable antitumor
responses when leveraging multiple costimulatory signals.
Figure 5. Triple combination of glofitamab with CD19-CD28 and CD19–4-1BBL dee
healthy donor were stimulated with glofitamab and a dose titration of CD19-CD28. Graph
cytometry. Shown are mean + SEM of technical triplicates. (B) Cytokine release of sple
glofitamab and/or CD19-CD28 or CD19–4-1BBL at 0.5 or 1 nM. Cytokines were assesse
technical duplicates. (C) Experimental design of in vivo efficacy study in OCI-Ly18 tumo
buffer) or obinutuzumab pretreatment (Gpt, 30 mg/kg), followed by weekly injections of
1BBL (1 mg/kg) according to the depicted scheme. Costimulatory antibodies were inject
line represents tumor volume over time in 1 mouse.

CD19-CD28 AS OFF-THE-SHELF COMBINATION PARTNER
Humanized mouse models are adequate for
exploratory safety evaluation and dose finding
The life-threatening cytokine release syndrome in the first-in-
human trial with TGN1412 occurred, although the initial drug
dosage was 500 times below the presumed safe dose estab-
lished in cynomolgus monkey studies.21,22 Subsequent research
highlighted the differences in CD28 expression on cynomolgus
monkey vs human T cells as a potential explanation why no
toxicity had been observed in prior toxicology studies.23-26

In light of these findings, we evaluated the predictivity of cyn-
omolgus monkey studies for safety assessment of CD19-CD28.
In vitro, we directly compared the responsiveness of isolated T
cells from 4 cynomolgus monkeys with those from 4 humans to
CD19-CD28. Unlike their human counterparts, T cells from
cynomolgus monkeys remained unresponsive to the combined
stimulation with CD19-CD28 and glofitamab (supplemental
Figure 7). Our data further confirm that CD28 expression in
cynomolgus T cells is lower than that of human T cells
(supplemental Figure 8A-B). This difference is particularly pro-
nounced in specific T-cell subsets, including CD4+ effector T
cells, effector memory T cells, and terminally differentiated
effector T cells (supplemental Figure 8C-D). Notably, these
subsets have been identified as the primary contributors to the
TGN1412-mediated cytokine release.23-26

Conversely, T cells isolated from spleens of humanized NSG
mice exhibited responses to CD19-CD28 and glofitamab that
were comparable with their human counterparts in vitro
(supplemental Figure 9). Specifically, the minimal concentration
of CD19-CD28 required to produce an additive effect to glo-
fitamab was consistent between the different human T-cell
sources, suggesting humanized mice as a suitable model for
human dose predictions. Importantly, the control bispecific
antibody DP47-CD28 showed no detectable activity in T cells
from either species, indicating that the observed effects are
dependent on targeted crosslinking.

Pretreatment with Gpt followed by sequential
administration of glofitamab and CD19-CD28
mitigates cytokine release
When the combination treatment was administered simulta-
neously to tumor-free mice, we observed a robust peripheral
cytokine response accompanied by rapid weight loss in all
animals, which lead to premature termination of this group
(Figure 6B-C). In contrast, although the sequential combination
with a 3-day interval between glofitamab and CD19-CD28 did
reduce the severity of peripheral cytokine release, a pro-
nounced body weight loss was still evident in these mice.
However, pretreatment with obinutuzumab (Gpt) before the
sequential administration effectively mitigated severe weight
loss (Figure 6C), cytokine release (Figure 6B), and peripheral
T-cell activation (Figure 6D-I).
pens and prolongs antitumor responses in vivo. (A) PBMC-derived T cells from a
s show 4-1BB expression of CD4+ and CD8+ T cells after 48 hours, assessed via flow
nocytes derived from a patient with BCL after 72 hours of stimulation with 25 pM
d via cytokine bead array. Bars show means and dots indicate individual values of
r-bearing humanized NSG mice. Twelve mice per group received vehicle (histidine
glofitamab (5 mg/kg) alone or in combination with CD19-CD28 (1 mg/kg), CD19–4-
ed simultaneously with glofitamab. (D-E) Tumor volumes assessed via caliper. Each
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Figure 6. Pretreatment with Gpt, followed by sequential administration of glofitamab and CD19-CD28 mitigates cytokine release. (A) Non–tumor bearing humanized
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Furthermore, we assessed the influence of Gpt on tumor growth
inhibition and PD effects within the tumor in a separate in vivo
study. Although Gpt did not demonstrate a potent antitumor
response, it did lead to an increase of intratumoral T-cell fre-
quency (supplemental Figure 11). These findings are in line with
previously published data.10

These findings further guided scheduling in the ongoing phase
1 clinical trial of glofitamab in combination with CD19-CD28 in
patients with R/R NHL (NCT05219513). In line with the pre-
clinical findings, Gpt followed by the stepup dosing of glofita-
mab and the sequential administration of CD19-CD28 a week
later mitigated systemic cytokine release as measured by
changes in the concentration of proinflammatory cytokines in
plasma at the end of first CD19-CD28 infusion (Figure 6J).
These observations were in line with the clinically observed
safety profile of the combination (data not shown) and dem-
onstrates the translatability of the preclinical models.
ttp://ashpublications.org/blood/article-pdf/143/21/2152/2226121/blood_bld-2023-023381-m
ain.pdf by guest on 06 N
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Discussion
This study introduces CD19-CD28, a novel CD19-targeted CD28
agonistic bispecific antibody, delivering safe and strictly signal 1–
dependent costimulation to T cells for immunotherapy of
hematological malignancies. In humanized NSG mouse models
with aggressive lymphomas, CD19-CD28 amplified the efficacy
of glofitamab, a CD20-targeted CD3 T-cell engager recently
approved by both the US Food and Drug Administration and the
European Medicines Agency for the treatment of R/R DLBCL.

Therapeutic exploration of CD28 agonism has been
approached with caution due to severe toxicity observed in a
first-in-human trial with the CD28 superagonist TGN1412.14 In
CD19-CD28, monovalent CD28 binding and a PGLALA
mutated Fc region prevent superagonism. In this study,
monotherapeutic CD19-CD28 remained inactive in both in vivo
and in vitro scenarios in which TGN1412 induced substantial
cytokine release and T-cell activation.

Follow-up studies of the TGN1412 trial have shown that the
calculations of a safe starting dose for humans based on pre-
clinical testing in cynomolgus monkeys was flawed by discrep-
ancies in CD28 expression levels in cynomolgus monkey and
human T cells.26 We found that, unlike their human counter-
parts, cynomolgus monkey PBMCs did not respond to CD19-
CD28 in vitro. Conversely, humanized NSG mice exhibited
profound cytokine responses to TGN1412 and responded to
CD19-CD28 only when combined with glofitamab. Although
not considered feasible for long-term toxicological studies,
humanized NSG mice can be highly informative for assessing
early PD and acute safety events related to human lymphocytes,
such as T cells, as witnessed with TGN1412. Corroborating this
notion, human dose predictions and scheduling based on
humanized mouse models and human FcRn Tg32 mice have
Figure 6 (continued) treatments. Seq. and sim. combinations were either administered w
at 4, 24, and 72 hours after last therapy injection. The absolute cytokine values are reporte
weight change of 6 mice per group. (D-I) Comparative analysis of T-cell activation and
means, and dots indicate values of individual remaining mice at study termination. (J) Lin
points in patients with R/R NHL enrolled in the phase 1 clinical trial of glofitamab in co
dashed horizontal line indicates the baseline. The timing of each drug administration is

CD19-CD28 AS OFF-THE-SHELF COMBINATION PARTNER
proven accurate for CD19-CD28, and no serum cytokine release
has occurred upon first infusion of CD19-CD28 in the ongoing
phase 1 clinical trial in patients with R/R NHL (NCT05219513).
Interestingly, another study describing a MUC16-CD28 bispe-
cific antibody found a dose-dependent response in cynomolgus
monkey T cells in combination with a MUC16-specific T-cell
engager.27 Furthermore, a CD22-CD28 bispecific antibody
described by Wei et al in 2022 showed limited activity and no
toxicity in vivo but augmented T-cell activation when combined
with odronextamab, a CD20-CD3 bispecific TCB in primate
studies.28 These findings indicate that additional factors, such
as distinct affinities to CD28 or the nature of the signal 1 pro-
vider, may influence the predictivity of a preclinical model to
anticipate the clinical safety of CD28 agonistic antibodies.

The evident success of next-generation CAR-T technology
underscores the importance of integrating costimulatory
signaling in therapeutic approaches based on T-cell redirec-
tion.29-31 Prior studies support the idea that this principle
applies to bispecific antibody approaches as well; adding a
tumor-specific antigen xCD28 antibody to tumor-specific anti-
gen xCD3 antibodies enhanced the (artificial) immune synapse
and significantly improved antitumor activity of T cells.27

Furthermore, tumor-targeted 4-1BBL fusion proteins effec-
tively activated T cells and supported TCB-mediated tumor
regression in mouse models.20 Consistent with these findings,
our study reaffirms the advantages of introducing costimulatory
signaling to bispecific antibody approaches.

Research on third generation CAR-Ts has indicated an added
advantage of merging costimulatory signals, particularly CD28
and 4-1BB.19 Importantly, our findings suggest that the
sequence in which costimulatory antibodies are administered
may influence their antitumor efficacy. Administering both
costimulatory molecules simultaneously can enhance tumor
control, but this is dependent on the timing of the combination
treatment, as evidenced by 2 separate studies discussed here.
Specifically, it was observed that administering CD19-CD28
before CD19–4-1BBL resulted in superior tumor control
compared with the reverse sequence or concomitant treatment.
These findings may be in line with the generalized notion that
although CD28 costimulation provides an early and hard hit T-
cell response, subsequent 4-1BB costimulation is responsible
for a durable and persistent T-cell response. In addition, these
preclinical data hint at a potential advantage of bispecific
antibody approaches. Unlike CAR-Ts, which deliver both stim-
ulatory signals at once, bispecific antibodies allow for the timing
of each signal to be adjusted. This flexibility in scheduling could
potentially leverage the unique benefits of each costimulatory
pathway more effectively.

It is important to note that target antigen expression is a critical
factor for the success of targeted therapies. Although CD19– B
NHLs are uncommon at initial diagnosis, CD19 downregulation
ith or without Gpt 7 days before therapy. (B) Multiplex analysis of cytokines in serum
d in supplemental Table 2. (C) Body weight kinetics. Dots show mean + SEM of body
B-cell depletion in spleens, assessed via flow cytometry on study day 6. Bars show
e plot shows mean fold change of plasma cytokine concentrations at indicated time
mbination with CD19-CD28 (NCT05219513). The error bars indicate SEM, and the
shown by the dashed arrows. CxDx, cycle x day x.
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can emerge in a subset of patients with DLBCL after CD19–
CAR-T therapy, with incidences up to 30%.32 Despite the
majority of patients with R/R NHL retaining CD19 expression
even after CAR-T therapy, the increasing utilization of CAR-T as
a second-line treatment and the risk of disease escape via CD19
antigen loss underscore the importance of evaluating this
combination therapy in earlier treatment lines, ideally before
CAR-T administration.

In conclusion, this study contributes to the mounting evidence
supporting the advantages of incorporating costimulatory
signaling into T-cell–engaging antibody strategies. Notably, we
showcase that CD28 agonism can be tailored to offer genuine
costimulation in its physiological role, strictly dependent on
signal 1. CD19-CD28 could serve as a readily available, off-the-
shelf combination partner to glofitamab and other costim-
ulatory antibodies, bypassing the need for genetic T-cell
modification and special infrastructure required for CAR-T
approaches.
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